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FINAL  REPORT:  N00014-96-1-0065,  Vortex  Generation  due  to  Coastal  and  Topographic 
Interactions 


PROJECT  LEADER’S  NAME  &  TITLE:  George  F.  Carnevale,  Oceanographer 
TELEPHONE  NUMBER:  (619)  534-4775 
E-MAIL:  gcarnevale@ucsd.edu 


ABSTRACT: 

For  this  grant,  we  performed  two  studies.  In  the  first,  the  interaction  of  vortices  with 
coastlines  and  broad  topographic  slopes  was  examined.  In  the  second,  the  deviation  of 
a  coastal  current  due  to  an  escarpment  was  investigated.  The  work  included  analytical, 
numerical  and  laboratory  investigations. 


REPORT: 

vortex-rebound  from  a  coast 

In  this  vortex-coast  interaction  problem,  we  were  interested  in  determining  the  relative 
importance  of  inviscid  vortex  generation  mechanisms  as  compared  to  viscous  boundary 
layer  vorticity  generation  at  a  coast.  Primarily  this  work  involved  numerical  simulations. 
The  typical  simulation  that  we  performed  had  a  dipolar  vortex  collide  with  a  straight  coast. 
The  dipole  was  chosen  because  it  is  a  convenient  structure  that  can  be  used  as  a  model 
of  eddies  approaching  a  coast.  Alternatively,  we  could  have  simply  positioned  a  single 
eddy  at  the  coast  and  watched  the  subsequent  evolution.  However,  in  that  case  there  is  no 
natural  way  of  choosing  how  close  to  the  coast  the  unperturbed  eddies  should  be  placed.  At 
least  with  the  dipole,  the  approach  to  the  coast  and  the  original  deformation  of  the  eddies 
is  a  natural  result  of  advection  and  the  influence  of  the  coast.  Through  these  numerical 
simulations  we  found  that  if  /5  is  relatively  large,  the  /5-effect  causes  a  vortex  approaching  an 
eastern  boundary  to  rebound  from  the  coast  and  move  away  permanently.  If  {3  is  relatively 
small,  viscous  rebound  dominates  with  the  primary  vortex  repeatedly  returning  to  the  wall 
after  the  first  rebound  until  it  dissipates. 

We  can  formulate  a  simple  relation  that  determines  how  strong  (3  must  be  in  order  to 
dominate  over  viscous  effects.  We  have  found  that  the  distance  that  a  vortex  moves  along 
the  coast  before  separation  due  to  the  /5-effect  scales  like  (A y)p  ~  u>o/P-  Then  if  we  use 
the  relation  u>0  ~  Ufa  where  U  is  the  maximum  velocity  in  the  co-moving  frame  of  the 
vortex  and  a  is  the  radius  of  the  vortex,  then  we  have  (A y)p  ~  U/(a(3).  Furthermore,  the 
distance  the  primary  vortex  travels  along  the  wall  for  the  pure  viscous  rebound  problem 
is  roughly  independent  of  the  magnitude  of  the  viscosity  and  can  be  taken  as  (A y)u  ~  a. 
Thus,  if  we  say  that  the  /5-effect  will  dominate  when  the  expected  A y  is  less  that  that  due 
to  viscous  rebound,  we  have  the  following  inequality  when  the  /5-effect  dominates: 

(A y)(t  <  (A y)u  (1) 
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We^rBed  .tee  results  through  a  series  of  uumericol  rtmuktiom,  upd  laboratory  expert- 
ll.etdir™  the't^f™^1  °f  ‘.lliS  W°rk  18  the  <USeren“  »«*  of  fluid  away  from 

a  mrvi  srs  assess  rJSf« of 

To  further  examine  the  simultaneous  effects  of  the  viscous  boundary  layer  and  the  8- 
effect,  we  performed  a  series  of  laboratorv  f-vnPnm*„ie  Tk„.  7  ye  ana  tne  P 

in  a  rotating  cvlm4p;yfli  *.  l  xl  i  y. exPerimeQts-  These  experiments  were  carried  out 

on  one  side  of  ^  .  a  S  Opmg  bottom  A  straight  vertical  waU  was  inserted 

rotauon  te  n!  *?  “  ^  C°*?  **  boundary  Tte  *•*  rotates  at  a  fixed  angular 
rotate  rate  A  bottom  with  uniform  slope  is  used  to  mimic  the  /3-effect  The  dipole  is 

created  essentially  by  a  jet  of  fluid  into  the  tank.  The  artificial  coast  was  a  straight  wail 
i°”mdur  to  i'blh  "k'  ^  S!?pe  °f  “  u  bOMOm  °f  "*  tMk  w“  raried  0,er  1  "Grange 

°  °d‘  T  *  ““““  rebound  and  nearly  inviscid  rebound.  All  of  the 

results  are  reported  in  Carnevale,  Puentes,  and  Orlandi,  1097. 


coastal  current  bifurcation  due  to  topography 

CarS^ri  '/  ^“rSr!  CUrra,tS  duE  “  ‘°P°lWV  is  reported  in 

)999a-  In  that  WOrk>  we  combined  theoretical  analysis  and  numerical 

Zto  X“  Tf*  PrediC“<’n5  “b0Ut  h™  rurreute 

^  COM'  We  f0und  a“  **“  Profound  differtn^ 

;ri«ht'  S  ha„S7‘P  y  T??  *■»  deP«“>i"6  «■>  wMto  the  geometry  was 

r  X  nJfrif  4^  w  .Called  lt}  ‘“dependent  of  the  direction  of  the  coastal  flow.  A 
lnSS*  i  geometry  is  that  in  which  the  coast  is  on  the  right  (left)  when  one  is 

looking  along  the  coast  across  the  escarpment  from  deep  to  shallow  water 

in  ,r,frring  predlctlon  was  that  wh«“  *  coastal  current  encounters  an  escarpment 
m2  1' 7"id  <**•  *“  ’rebound'  from  the  -aSSS 

alnn!  ZV  “  T  ,  ^^ction.  Also,  we  predicted  that  there  would  be  no  out-flow 
along  the  topographic  slope  of  the  escarpment  in  the  left-handed  eeomefrv  In  fa,-i 

theUrUhtUh?Td  th/S  seometry  fevor  a“  ‘“flow  along  the  escarpment.  Flow  in 

w!dSd  7^  P  t0  be  ^  differ6nt  In  that  •“  eddi^  are 

To  verify  this  and  nth**  eSCarpmeat  *lth  ^  off-ahore  current  along  the  escarpment. 
io  venty  this  and  other  predictions  from  our  previous  work,  wo  designed  a  series  of 

am:  utod^rfS^rzLr&s^0?^  Fu"’w“ amM  foad- 

work  formed  the  core  of  Serravall’s  thesis  (Serrcvall  IQQQi  w*  a  0K’ ttus 

article  on  thp  Twr.it*  AfVui  u  !  perrcvail,  lyyy).  We  are  currently  preparing  an 

a  new  ONR  grant,  &  °r&  °ry  e*periments>  811  d  this  continuing  work  is  funded  by 

rnultiplo  dipol^in  YhHe^r6  4^1  aWe  t0  °btain  example  of  the  generation  of 

pio  dipoles  m  the  left-handed  geometry  and  induced  on-shore  flow. 
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aJomT+hp  d^COQCentraticm  in  rotating  tank  experiment  viewed  from  abovt 

,  f,  r  ,  „  <L  rotatlon-  ^  source  of  the  boundary  current  is  on  the  upper  part  of  th< 

^7lWt  6  CTDt  fl°WS  d0WD  410118  the  "H  -til  it  hits  the  Olographic 

slope  (seen  here  as  a  horizontal  line  dividing  the  tank  in  two).  There  it  bifureates  with 

Lve  t hi1  M^rre,  hf°  ?Wing  thf  W4“  and  the  other  repeatedly  generates  dipoles  that 

the  Wt'i  ‘  f  SCaf  y  4t  fn  ang  e'  At  tbe  same  time  ^  inshore  current  (i  e.  a  flow  toward 
the  left;  is  formed  over  the  topographic  slope. 


An  illustration  of  this  is  given  in  figure  1.  The  source  of  our  boundary  flow  i$  a  tul 

DicturVr^6  !?  -  6  Ieft;hand  wail  about  0ne  ^ird  of  the  way  from  the  top  of  tl 

down?n  (1hf,  ted  by. thC  TTi*  The  iDfloW  fr0m  this  tube  reeults  ‘n  a  current  that 

WalL  ThC  lower  half  °f  P^ture  is  deep  fluid  whi 
the  upper  is  shallow  fluid  The  depth  change  is  from  17  to  23  cm.  There  is  a  smooth  elope , 

width  4  cm  connecting  the  two  depths.  The  mean  boundary  current  speed  before  reJL 

cm  bv^ rn?b°U?  T/Bt  1  =1/5-  The  *■  area  illustrate  is  ^ 

to  thp  linp  of  th@  t16  in  roduclng  tbe  boundary  current,  dye  lines  were  placed  transfers 

“J toi **  the  ’CoastaJ’  Current  hit  the  ^carpmeut’, 
and  the  t-  a  WaS  mduce<^'  ^  Appears  the  this  flow  starts  near  the  left  boundar 
and  then  extends  to  cover  the  entire  ’escarpment.’  Eventually  this  topoCTaohic  curren 

botHhahow  and^ee011?^6™  patteni  wtdch  involves  cyclonic  circulation  ove 

both  shallow  and  deep  basins.  Furthermore,  we  examined  flows  in  which  the  boundar 
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current  was  initially  induced  on  the  right-hand  wall  of  the  tank.  In  this  case,  the  boundary 
geometry  is  right-handed,  and,  as  predicted,  a  bifurcation  of  the  current  occurs  in  which  a 
portion  of  the  current  leaves  the  boundary  and  follows  the  topographic  gradient. 


Other  Results 

In  additions  to  the  papers  mentioned  above,  there  were  several  others  published  or 
submitted  in  the  past  two  years  that  we  should  mention.  In  Kloosterziel  and  Carnevale 
(1999)  we  presented  a  new  model  of  vortex  stability  in  which  we  were  able  to  demonstrate 
the  nonlinear  saturation  of  the  instability  of  circularly  symmetric  vortices  in  the  form  of 
multipole  vortex  structures.  In  Carnevale  G.F.,  Briscolini  M.,  Kloosterziel,  R.C.,  and  Vallis 
(1997)  and  Orlandi  and  Carnevale  (1999a),  we  explored  the  stability  of  vortices  with  varied 
vorticity  structure  and  also  the  effect  of  the  bottom  Ekman  layer  on  vortex  stability.  In  In 
Carnevale  et  al.  (1999b),  we  presented  an  analytical  criterion  for  the  suitability  of  various 
kinds  of  boundary  conditions  in  general  circulation  models.  In  particular  we  considered  the 
super-slip  boundary.  This  work  grew  in  part  out  of  our  studies  of  vortex  rebound  from  a 
coast  in  which  we  applied  the  super-slip  boundary. 
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